Background. Constructivist approaches to learning focus on learning environments in which students have the opportunity to construct knowledge themselves, and negotiate this knowledge with others. Discovery learning and collaborative learning are examples of learning contexts that cater for knowledge construction processes. We introduce a computer-based learning environment in which the two forms of learning are implemented simultaneously. We focus on the interaction between discovery learning and collaborative learning.
In this study, we are interested in the mutual influences between collaborative learning and discovery learning. This interaction is interesting because different forms of cross-fertilization may be possible between the two forms of learning. Collaboration can have a positive influence on the discovery learning processes (Salomon & Globerson, 1989) , and vice versa.
In collaborative learning, two or more people try to share and construct knowledge in working towards a solution of an assignment or problem. Springer, Stanne, and Donovan (1999) , report in a meta-analysis that collaborative learning can have a positive affect on learning. We see collaboration as a promoter of elaboration and explication (Dekker & Elshout-Mohr, 1998) , for instance, by asking questions (Chi, Bassok, Lewis, Reimann, & Glaser, 1989) , or giving meaning to concepts or problems by explanation (Ploetzner, Dillenbourg, Preier, & Traum, 1999; She, 1999; Wegerif, 1996; Weiss & Dillenbourg, 1999) . By externalizing thoughts, students can become conscious of their ideas and cognitive and metacognitive processes, and thus of the possible defects in these processes (Van Boxtel, 2000; . When students verbalize their thoughts, planning, and decision-making, and again internalize these in an elaborative manner (Marshall, 1995; Roelofs, Van der Linden, & Erkens, 1999) , by asking questions and giving explanations, this can lead to organization and attunement of the knowledge, and, ultimately, extension of that knowledge (Chan, Burtis, & Bereiter, 1997; Wegerif, 1996; Wegerif & Mercer, 1997) . Communicative processes contributing to the joint construction of knowledge and building of common ground are argumentation and information checking, for example, asking for verification (Van Boxtel, Van der Linden, & Kanselaar, 2000; Veerman, 2000) . We will analyse aspects of communication (e.g. explaining, checking, or asking questions), partly based on the analysis scheme that Van Boxtel used in her study of concept development. Table 2 shows the communicative processes we explored in our study. Interpreting data and graphics 'The ball is moving faster now' Rejecting hypotheses 'No, this idea was not right' Concluding 'So, as we can see it must be 1'
Note. The subcategories within the four general discovery processes we call 'activities'.
Communication in collaborative discovery learning 605
As collaboration triggers students to elaborate their thoughts as part of the communication, it can be assumed that, as students in collaborative learning search for a common way of working, students make the discovery learning processes explicit, for which one will expect a positive contribution to these processes. Okada and Simon (1997) conducted a study in which they compared singles and pairs working in a discovery learning environment. They found that pairs performed better than singles, because pairs used explanatory activities, such as generating hypotheses and generating alternative ideas more often than singles. These activities were effective for the discovery learning process only when the students conducted experiments. This leads to the assumption that communicative activities in collaboration will contribute to discovery learning. In a study by Whitelock, Scanlon, Taylor, and O'Shea (1995) , pairs of students worked together, face to face, with a simulation environment about collisions. The hypothesis that pairs performed better than singles was confirmed in this study. The researchers concluded that the reasons for better performance could be subscribed to peer-interaction and, moreover, peer-presence. Pairs, compared with singles, adopted a 'predict, observe, explain' approach, and shared their meanings, which may lead to better learning results. Peer-presence might have had a motivational effect, and anxiety possibly lowered due to working in pairs.
In addition, another relationship between discovery and collaboration is feasible, affecting the design of collaborative discovery learning environments. Knowledge about discovery learning processes, and interaction data from students with the discovery environment, can be used to support the communicative process. For instance, when, based on theoretical or empirical considerations, it is supposed to be beneficial to engage in argumentation during a part of the discovery process, say, generating hypotheses, the learning environment could issue prompts for the students to start exchanging arguments. This would take the form of including communicative support into the learning environment used for supporting discovery learning. In the current article, we concentrate on the first of these two relationships, the possible associations between the communicative process and the discovery process, and possible indications that the first supports the second. However, information gathered in our study may provide input to designs of the learning environment, as indicated in the second possible relationship between discovery and collaboration. If collaboration contributes to discovery, it should be able to influence the performance of the processes of discovery learning. Certain communicative actions would trigger specific discovery processes, and vice versa. This would mean that the elaborative aspects of collaboration would improve the quality and quantity of discovery learning processes. We will elaborate on this further for the transformative discovery learning processes.
In orientation, students have to build common ground before they can work constructively together (e.g. Baker, 1999) . During orientation, building common ground would be the main function or goal of communication. For example, this means that students have to check whether they are talking about the same thing before they start solving the problem. This includes agreeing on the definition of variables, initial ideas on relevant relationships, and synchronizing background knowledge. Communicative activities that support the building of common ground include informative activities, such as issuing statements, elicitative activities, such as asking questions, and responsive activities, such as answering questions. These communicative processes allow for a basic exchange of ideas, and hence establish what is common and what is not. In generating hypotheses, students have to share hypotheses and alternative ideas, which can lead to co-construction of knowledge (Chi et al., 1989; Okada & Simon, 1997; Tao & Gunstone, 1999) . They have to establish common ideas by means of informative, argumentative, and elicitative activities. The difference with orientation is that instead of exchanging existing ideas, new ideas and conjectures have to be exchanged. So, in addition to elicitation and informative activities that are shared with orientation, argumentative activities that focus on the reasonability and plausibility of hypotheses are expected. In testing hypotheses, students have to agree on the design of the experiment and to perform experiments. Again, informative activities are expected. Directive activities are also required, which is inherent to the nature of discovery learning environments, where typically one student at a time controls the exploratory tools, such as a simulation, and other students can only influence these actions by providing directions. Finally, students have to agree on the decisions they made by means of argumentation, asking for response, and, in the end, agreement. Decisions whether or not to reject a hypothesis, how to read and interpret graphs, and lastly whether or not there is agreement, require communication focused on the content and validity of arguments and checking whether ideas are common or not by asking for response and agreement.
We have shown that communicative activities can be linked to discovery activities. Table 3 summarizes the possible relationships between collaboration and discovery. In the current article we present an exploratory study in which we seek evidence for a relationship between collaboration and discovery. Our research questions are:
(1) Which communicative activities between two students, working collaboratively in a computer-based discovery environment, are frequently used in the discovery learning process? (2) Which communicative and discovery activities co-occur during this learning process?
According to the model presented in Table 3 , we expect that several communication activities and discovery processes will align in the performance of dyads that engage in a discovery environment.
Method
In the current study, students were engaged in a discovery learning environment on particle collisions (physics). Participants worked in dyads on separate screens in a shared environment, and communicated using a chat box. The analysis of the chat communication and the discovery learning processes taking place in the environment, as well as an analysis of the learning results, yield the answers to our research questions.
Learning environment
The learning environment we used in this study was based on a computer simulation called 'Collisions' 1 developed in SimQuest (van Joolingen & de Jong, 2003) . Pairs of students worked collaboratively on two computers with a shared interface, communicating through an unstructured chat channel (using Microsoft Netmeeting). Figure 1 displays the complete learning environment, as it appears to the students while working together on the assignments. The window in the upper right corner is the chat window, by which the students communicate. The window in the lower right corner shows the assignments. At this moment, the students are working with assignment A1 of the topic 'Eenparige Beweging' ('Uniform Motion'). The assignment itself is shown in the window in the lower left corner. The students can experiment in the window Eenparige Beweging in the upper right corner, where they can change the 'massa' ('mass') and the 'snelheid' ('velocity') of the ball. Discovering the rules behind the simulations was the main learning task of the environment. The environment consisted of four simulations, with matching assignments. Every assignment presented the students with a small multi-choice research question. By using the simulation, Acceptance Concluding students could gather data for answering the assignments. Explanations of each of the variables present in the simulation were available on request.
Subjects
The study involved 25 pairs of 10th-grade students enrolled in pre-university education. Four of these pairs were not included in the analysis, due to technical problems. Their ages ranged from 15 to 17 years. The participants were recruited from two secondary schools in Amsterdam (three classes). For their participation, subjects received e 5 an hour.
Procedure
Students completed a pre-test and a post-test individually. Dyads of students working in the learning environment were assigned randomly. The dyads consisted of students from the same class, so every dyad member knew each other before they worked together. Before the students started, an explanation on how to work with the environment was given. An example assignment was discussed, and the students were instructed to work together on each assignment in the learning environment. A complete session, including the pre-and post-tests, took 3 hours. The students worked for 1 hour on the pre-tests, for 1.5 hours they worked collaboratively with the learning environment, followed by 30 minutes for the post-tests. 
Measurement of learning outcome
Two types of learning outcome are identified. One is related to the performance within the learning environment, the other is a measure of what is learned from working with the learning environment (pre-and post-tests). For the performance within the learning environment, the students could get one point for each assignment if their answer was right the first time. If they tried again after giving a wrong answer, no points were attributed. The amount of points gained by a team is taken as measure, which we label as score within learning environment (SWLE) . To measure what is learned from working with the learning environment, the results of a domain knowledge post-test, and the gain in score related to the domain knowledge pre-test is used as a measure. SWLE is measured on dyads, while the pre-post-test measure is taken individually.
In the pre-test, students were tested on domain knowledge. The domain knowledge was measured by means of an Explicit Knowledge Test and a WHAT-IF Test (Swaak, 1998; Veermans, De Jong, & Van Joolingen, 2000) . These tests were developed specifically for the domain of Collisions.
2 The Explicit Knowledge Test items tests the students for declarative, conceptual knowledge, such as formulas and facts. The WHAT-IF Test presents the students with situations before a collision, describes a change in the situation (e.g. change of initial velocity), and asks them to predict the effect of the change. Both tests were administered on-screen.
Data analysis
The interaction between the students, their communication on the chat channel, and their activities in the learning environment was logged. Chat messages were logged for each individual. Actions within the shared Collision environment were also recorded; however, no information was available on which student did what within the program. The chat messages were coded on the communication scale (see Table 2 ); whereas the scales on discovery learning activities was applied to both the chat communication and to running the simulation, which is represented by the codes collecting data in the orientation phase and in the hypothesis testing phase (see Table 1 ). For analysing the protocols, the computer program multiple episode protocol analysis (MEPA) was used (Erkens, 1998) . Two independent raters rated 10% of the protocols. Cohen's kappa of inter-rater reliability between the two raters was on the communication dimension k ¼ :79, and on the discovery dimension k ¼ :84, which are both acceptable.
The purpose of this analysis is to identify cross-relationships between discovery and communication activities, and vice versa. A chat action or utterance is defined as one verbalization typed in a message box (Lebie, Rhoades, & McGrath, 1996) . Each chat action was scored on both the communicative and the discovery aspects, sometimes as communicative or discovery activity only other times as both.
Results
The students in the experiment used the chat channel with ease. All subjects stated they had previous chat experience, and therefore communicating through this channel was no problem. Of the chat, 15.7% was off-task, which is comparable to a study of coordination processes in collaborative writing, where chat was divided in episodes (compared with utterances), and between 8% and 13% (discovery) off-task talk was found (Erkens, Jaspers, Prangsma, & Kanselaar, 2005) . Off-task chat is characterized as interactions between students that have nothing to do with the task, in contrast with offtask technical talk, which does not cover the content of the task, but is talk about the learning environment features. Table 4 displays an overview of the frequencies of each communicative and discovery activity we found in the protocols. The minimum of nine activities is zero. In most cases there are just one or two pairs of students that did not perform a certain activity, except for the activity describing and recognizing of relations in the generating hypotheses process, where seven pairs did not perform this activity. The average frequency of this activity for the group as a whole was 2.33 (SD ¼ 2:63), similar to the frequency of the activity identifying parameters and variables in the orientation process (M ¼ 2:38; SD ¼ 4:06), which can be seen as a comparable activity.
The discovery activities collecting data, thinking of alternatives, and proposing answers are performed the most. For the communicative activities, all of the activities are employed frequently, except for the argumentative and the responsive activities, although there is a large variance over dyads. Relationship between communication and discovery learning activities In order to find a possible relationship between communicative and discovery learning activities, a correlational analysis was carried out. Specifically, a non-parametric correlational analysis was performed due to the skewness of the distribution of some of the variables. We found several significant correlations between the communicative and the discovery activities (Table 5) . Although we expected informative and elicitative activities to be the communicative activities that would correlate with orientation, a significant correlation was only found between argumentative activities and interpreting data and graphics, r ¼ :57; p , :01.
In generating hypotheses we expected argumentative, elicitative, and informative activities to co-occur. There are significant relationships between informative activities with three activities in generating hypotheses: thinking of alternatives, r ¼ :78; p , :01, proposing answers, r ¼ :86; p , :01, and formulating hypotheses, r ¼ :44; p , :05. In addition, elicitative activities and acceptance co-occur with proposing answers and thinking of alternatives. Responsive activities correlate with thinking of alternatives, r ¼ :62; p , :01.
In testing hypotheses we expected directive and informative activities to have a correlation with the discovery activities in this process. We found significant correlations between the informative activities and all the discovery activities in this process. Positive significant correlations between experimental design and evaluative, r ¼ :61; p , :01, responsive, r ¼ :58; p , :01, acceptance, r ¼ :70; p , :01, and directive, r ¼ :61; p , :01 activities are also found. There is a negative correlation with off-task chat and experimental design, r ¼ :55; p , :05.
In conclusion, we predicted that argumentative, elicitative, and acceptance activities would correlate with the discovery activities in this process. Concluding correlates significantly with the argumentative activity, r ¼ :82; p , :01, the elicitative activity, r ¼ :46; p , :05, the responsive activity, r ¼ :51; p , :05, and acceptance, r ¼ :48; p , :05.
To gain more insight into the relationship between communicative and discovery learning activities, the total group of activities was subjected to principal component analysis, followed by promax with Kaiser Normalization rotation with eigenvalue greater than 1.00 as a criterion for determining the number of factors. This analysis was performed for the pairs and not for individual members of teams. The activities subjected to the exploratory factor analysis resulted in five factors, which together accounted for 84.2% of variance. Table 6 shows the Pattern matrix. The boldface numbers indicate which activities show the highest load on the different factors.
Correlations between factors were computed to examine the relations among the resulting factors. Table 7 shows the Factor correlation matrix. The correlations among the factors ranged between 0.06 and 0.58, indicating sufficient independence of each factor, except for the correlation between factor 1 and 4 (r ¼ :58). Table 8 shows a description of the factors in terms of the activities that load highest on them. Looking at the components of a factor reveals the relationship between the discovery processes and communication processes that constitute it. The first factor indicates that experimental design is related with a more directive pattern of giving orders and accepting these. Evaluative also loads high on this factor. The second factor shows that the typical processes of generating new ideas (propose answers, give answer alternatives, generate and reject hypotheses) associate with informative communication. Interpreting data and concluding involves argumentation, as indicated by the third factor. Elicitative communication is performed together with describing and recognizing variables. We can see this as an orientation factor. Finally, collecting data is not associated with any particular communication activity. In Tables 9, 10 , two protocol fragments are shown. In Table 9 , Factor 1 and Factor 4 are represented. In this protocol, the students are attempting to establish common ideas and are attempting to agree on the design of the experiment. These are two of the communicative supports that are mentioned in Table 3 . In this learning environment, one of the students has designated control. First, Student A has the control and Student B gives the orders, until line 12 where Student B takes over the control and Student A gives the orders. This protocol gives an example of the non-chronological structure of the discovery learning processes. The students switch from the generating hypotheses process-italic, to the testing hypotheses process-bold. Table 10 shows a protocol fragment where factors 2, 3, and 5 are represented. In this protocol the students are exchanging ideas, building common ground, and testing their hypotheses. The results show that the students improved between pre-test and post-test. This means that they gathered information from the domain and built their own knowledge with this information (De Jong & Van Joolingen, 1998; Njoo, 1994; Njoo & De Jong, 1993) . Correlational analysis between pre-and post-tests demonstrate that part of the progress of the students on the tests can be explained by their prior knowledge. However, the other part of the progress can be attributed to the processes of communication and discovery taking place while the students collaborated in the learning environment.
The teams were divided into 'good teams' and 'weak teams' by using the median on the basis of the SWLE scores of the teams. A Mann Whitney U test was conducted to find possible differences between the two teams. We found significant differences between the groups for proposing an answer, p ¼ :015, formulating hypotheses, p ¼ :049, and confirmation/acceptance, p ¼ :036 ; Table 12 .
Conclusions and discussion
In this article we present a study into the contribution of communication to processes as discovery learning. By analysing the communication between members of a dyad involved in a discovery learning activity from two perspectives (one focused on communication and one on the discovery processes), we look for relationships between modes of communication and modes of discovery. As we see communication as promoting elaboration and explication (Dekker & Elshout-Mohr, 1998) , which can lead to organization and attunement of knowledge and to the extension of that knowledge (Roelofs et al., 1999; Wegerif & Mercer, 1996) , we expect different communicative activities to co-occur with several discovery learning activities.
In the introduction we listed the expected co-occurrence of discovery and communication activities. We predicted that communication would fulfil certain functions (grounding, information exchange, establish common ideas, etc.) in the discovery process, and, moreover, we aligned these communicative activities with the various transformative activities of discovery learning. The correlations between the individual processes and their loading on the factors identified indicate whether these expected alignments are found.
In the orientation phase of discovery, we expected that informative and elicitative activities would contribute to the grounding between students required in this phase. However, we found that students exposed few orientation activities, other than collecting data. No significant relationships between informative or elicitative communication activities with orientation activities were found, although we did expect such relationships. The correlational analysis did show an unexpected correlation between argumentation and the interpretation of data and graphics in the orientation process. This indicates that, as part of the orientation, learners already argue about the data they have collected, that is, data collected in a way that is not driven by a pre-stated hypothesis or theory.
For generating hypotheses we expected argumentative, elicitative and informative activities to contribute to the exchange of ideas and to establish common ideas, and hence to co-occur in the analysis. Both factor analysis and correlational analysis indicate that the informative activities are predominant here. Learners exchange ideas but do not strive for agreement in the stage where they are generating hypotheses. The correlational analysis confirms the absence of argumentation, but it does show elicitation, responsiveness, and acceptance associated with sub-activities of generating hypotheses.
In testing hypotheses, we expected directive and informative activities to contribute to agreement on the design of experiments. In the learning environment, always one student is in control of the cursor while the other gives orders. In the experimentation stage, evaluative, directiveness, and acceptance are in the same factor as one of the discovery activities in this process, experimental design. We found significant correlations between the informative communication activity and all the discovery activities in this process. A significant correlation between the responsive activity and experimental design is also found. The relationship between directive communication and experimentation can be explained from the nature of the learning environment, where doing experiments involves many operations on the simulation in the learning environment. These operations can be carried out by the student who is in control (although they can switch controls, always one student has the lead). This means at that moment the other student is limited to giving directions in order to control the design of experiments.
In conclusion, we predicted that argumentative, elicitative, and acceptance activities would correlate with the discovery activities in this process, as these activities would help students to establish agreement on the conclusions with respect to their hypotheses. Both the argumentative and elicitative activities correlate significantly with conclusion. In addition, the responsive activity correlates with conclusion.
Collecting data in either discovery process is carried out independently of any communicative process. It should be noted that the protocols in this study are coded on a two-dimensional scale, on communication and discovery activities, except for the activity collecting data. This activity, in both the discovery processes orientation and testing hypotheses, can only be coded as a discovery activity. Even though correlations between collecting data and communicative activities are possible, a likely cause of this result is perhaps the method of coding.
We can see that communicative activities are performed most frequently with generating hypotheses, experimental design, and conclusion. We also see that argumentation occurs infrequently and is most strongly associated with conclusion, instead of with generating hypotheses, as expected. When generating hypotheses, students appear to only exchange ideas, rather than argue about them. Some argumentation takes place when interpreting graphics that result from exploratory data collection, but most argumentation is associated with concluding. Subsequently, not until hypotheses are tested, are they really discussed. Viewing the dyads as a unit, this means that units show data driven or experimenter behaviour (e.g. Klahr & Dunbar, 1988) . Usually this is associated with lack of prior knowledge of the domain investigated. An alternative explanation, specific to collaborative work, could be that students lack skills and insight on how to discuss their knowledge with their co-workers, and that they need a concrete trigger, such as the request to answer a question together, to exchange arguments.
Although limited, we see some relationships between process and product. Dyads that perform well on working within the learning environment (SWLE score) also propose to each other more answers and generate more hypotheses. This result is similar to the study of Okada and Simon (1997) where pairs performed better than singles because of using explanatory activities. On the communicative side they confirm and accept more, indicating that they establish agreement more often. Again, there is no visible relationship with argumentation. Agreement thus pays off in this situation. One explanation for this result that cannot be excluded, is that within the domain chosen, the better couples did not disagree, either because they had the same ideas beforehand, or because one of the two students in the dyad was dominant. Further studies, with more controlled group composition, could provide more information on this issue.
The exploratory nature of this study only allows us to show correlations, no causeeffect relations. Hence we cannot answer the question what comes first: the communication or the discovery process. stress the relevance of aspects of collaboration, such as maintaining common ground, co-responsibility, verbalization, and mutual support and criticism. Previous research, including those leading to our communicative analysis Veerman, 2000) , stresses the importance of specific communicative activities for these aspects. Our contribution is linking these communicative activities to cognitive processes, associated with the goals of working within the collaborative learning environment, in our case, scientific discovery. Social constructivist theory of learning stresses the importance of both discovery learning, where students can construct their own knowledge actively, and collaborative learning, where students can share their meanings. The results of this study enable us to connect these two approaches of learning. Further research must reveal the causal structure of these relationships, which can be achieved by influencing one part, for instance eliciting specific communicative processes, and observing the effects on the learning process and product. Such a line of research can help defining the context in which collaborative learning can be utilized most fruitfully.
